Renewable energy is critical for improving energy structure and reducing environment pollution. But its strong fluctuation and randomness have a serious effect on the stability of the microgrid without the coordination of the energy storage batteries. The main factors that influence the development of the energy storage system are the lack of valid operation and maintenance management as well as the cost control. By analyzing the typical characteristics of the energy storage batteries in their life cycle, the geometric process-based model including the deteriorating system and the improving system is firstly built for describing the operation process, the preventive maintenance process, and the corrective maintenance process. In addition, this paper proposes an optimized management strategy, which aims to minimize the long-run average cost of the energy storage batteries by defining the time interval of the detection and preventive maintenance process as well as the optimal corrective maintenance times, subjected to the state of health and the reliability conditions. The simulation is taken under the built model by applying the proposed energy storage batteries' optimized management strategy, which verifies the effectiveness and applicability of the management strategy, denoting its obvious practicality on the current application.
Introduction
Along with the quality of environment being more and more emphasized, the microgrid, which regards the renewable resources as the major energy source, is growing rapidly in recent years. Energy storage technology in the microgrid system indicates tremendous development potential since it could solve the fluctuation and randomness problems of the renewable energy generation to a great extent [1, 2] . It achieves a smooth output of the power by effectively regulating the voltage, frequency, or phase changes so that the largescale wind power and photovoltaic power generation will be incorporated into the microgrid reliably [3] .
Main energy storage devices in the microgrid include the energy storage batteries, energy storage inductors, and energy storage capacitors, where the energy storage batteries are mostly used. Aimed at achieving integrated scheduling for regulating both the generation side and distribution side, all of the energy storage batteries are installed centrally in the charging room, considering the energy storage batteries' deteriorating characteristics with aging as well as the degradation of performance during times of charging and discharging. Strict maintenance and management aimed at the energy storage batteries are necessary for improving the electric energy efficiency, prolonging the service life, and reducing the life cycle costs [4, 5] .
Munoz-Condes et al. [6] take into account the battery operating conditions and establish the mathematical relation between the impedance of simultaneous cells and the temperature for any model of lead-acid battery. Ure et al. [7] present a development and hardware implementation of an autonomous battery maintenance mechatronic system for the unmanned aerial vehicles. Li et al. [8] develop a multistep-ahead prediction model to predict the state of health and remaining life of the battery based on the mean entropy and relevance vector machine. Ablay [9] proposes a robust nonlinear estimator-based online condition monitoring method to determine the state of health of the battery systems online in the industry. Zhao et al. [10] develop an optimization model considering the lifetime characteristics of lead-acid batteries to realize the economic operation of a standalone microgrid via the nondominated sorting genetic algorithm. Liao and Köttig [11] focus on the hybrid prognostics approaches and leverage the advantages of the combining prognostics models for the battery's remaining useful life prediction. Han et al. [12] propose a novel health prediction model of the battery based on sample entropy and establish the prediction model by calculating the sample entropy. Wang and Liu [13] estimate the battery state of charge and implement the fault diagnosis according to the battery status to achieve the full and efficient use of battery power. However, the previous estimation and monitoring studies related to the battery management mainly focus on the battery's prediction and monitoring but seldom distinguish and analyze the impact on the different states in the battery's life cycle including the operation, preventive maintenance, and corrective maintenance. And the geometric processbased (GP-based) method, with its practical advantages in characterizing the whole life cycle of component or system [14] , gains large attention in recent years, and many researches have been taken based on GP in different application domains. Lam [15] introduces a geometric process -shock maintenance model and adopts a replacement policy for minimizing the long-run average cost per unit time. Zhang [16] proposes a GP-based preventive repairment policy to solve the efficiency for a deteriorating and valuable system to minimize the average cost rate. Wang and Zhang [17] apply a bivariate preventive repair policy to solve the efficiency for a deteriorating and valuable system to minimize the average cost rate. Huang et al. [18] propose a delayed geometric process for the degenerative repairable systems by supposing the system to be returned to the "as good as former" state and the "worse" state with two different certain probabilities. Considering the application of the GP-based method on the energy storage batteries, the aging with the repeating charging and discharging, and the effect on the operation, preventive maintenance or corrective maintenance should be taken into account. Aimed at solving the energy storage batteries' optimized management, a GP-based model with the deteriorating system and the improving system of the energy storage batteries is firstly built, and then the long-run average cost of the energy storage batteries is optimized under the constraint of the detection or preventive maintenance time interval as well as the reliability demand through the proposed optimized management strategy.
Typical State of the Energy Storage Battery
Aimed at the daily behaviors of the energy storage batteries, the states of operation and maintenance are divided to distinguish the operation and maintaining processes, as is described in Figure 1 .
In the operation process, the energy storage batteries are scheduled to charge if the excess renewable generated energy exists and discharge if the energy is deficient; otherwise, the energy storage batteries are on idle state. In the maintenance process, preventive maintenance is performed in certain time intervals depending on the defined function to enhance the energy storage batteries' performance and reduce the frequency of breakdown. The corrective maintenance is performed when the energy storage batteries break down or an obvious fault has occurred. After a period of time, the energy storage batteries would be replaced for some secondary applications when a certain index is unsatisfied.
Considering the aging of the energy storage batteries during the life cycle, the performance comparison analysis under the preventive maintenance state and corrective maintenance state are shown in Figure 2 . The preventive maintenance process is helpful to improve the performance of the energy storage batteries to a certain extent, but the descending overall trend is indubitable for their chemical properties. The corrective maintenance process makes the disabled ones to work again, which avoids the premature discard of the energy storage batteries. Each of the maintenance processes is absolutely helpful and necessary at the exact time so that the appropriate maintenance strategy should be established based on the service condition.
Mathematical Model of the Energy Storage Batteries
The studied life cycle of the energy storage batteries starts from the first use and ends with the replacement, or the time interval between two contiguous replacements. Under the fact that the chemical property of the energy storage batteries is irreversible and degraded, the GP-based mathematical model of the studied life cycle is firstly proposed aimed at the typical processes, which includes the operation process, the detecting process, the preventive maintenance process, the corrective maintenance process, and so on [19] . The whole life cycle will be described in Figure 3 . For = 1, 2, . . . , , the time interval between the ( −1)th and the th corrective maintenance in the life cycle can be defined as the th period. Let { , = 1, 2, . . . , = 1, 2, . . .} be the th operation time of the energy storage batteries after i − 1th preventive maintenance in the th period. Let { , = 1, 2, . . . , = 1, 2, . . .} be the th preventive maintenance in the th period. Given that each preventive maintenance is accompanied by a detecting process, the detections have the same number of the preventive maintenances { , = 1, 2, . . . , } in the th period. Besides, the corrective maintenance time in the th period is { , = 1, 2, . . .}, and the replacement time is . Now, the definitions and assumptions are made as follows to establish the related mathematical model of the energy storage batteries. Definition 2. The distribution function and probability density function of are ( −1 ) and
Definition 3. The preventive and corrective maintenance cost rates are, respectively, p and c , the benefit rate of the operation is b , the detection cost rate is d , the replacement cost rate is r corresponding to the replacement time , the unit price of a new energy storage battery is N , and the secondary applications benefit of the depleted one is s . Assumption 5. The operation time decreases with age; thus it is a stochastically decreasing GP-based model with > 1. And the preventive maintenance and corrective maintenance processes are stochastically increasing GP-based model with 0 < < 1 and 0 < < 1.
GP-Based Optimized Management Strategy
Economy and reliability are the focus of most concern for the construction of microgrid and even the energy storage system. The evaluation aimed at the economy of the energy storage system will be expressed as the average cost of the energy storage batteries. Generally, the average cost is given by the ratio of the total cost and the life cycle, as is shown in function (1):
Depending on the definitions of the energy storage batteries above, the successive periods form a renewal process; therefore, the successive periods together with the cost rates incurred in each period constitute a renewal process. Supposing an optimized management strategy ( , ) is applied, the long-run average cost ( , ) that is expressed by the defined GP-based processes is given by
where
Then, from function (2)-(3) the long-run average cost of the energy storage batteries is shown as function (4):
Mathematical Problems in Engineering 
To further obtain the explicit result of ( , ), the number of preventive maintenances is supposed to have a geometric distribution, that is ∼ ( ), and then
Consequently,
Then, the detection time and preventive maintenance time in the life cycle are transformed into
Let ( ) = ( , ) be the expected operation time in the th period:
Given that the operation time has a Weibull distribution with density function,
Then,
From function (4), (6), and (10)- (11), ( , ) will be further expressed as
Assuming that the preventive maintenance process would be taken before the state of health (SOH) is down to , one has
From function (10), the constraint of has the following derivation:
The reliability of the energy storage batteries is a representation of the full operation capability. Generally, it is defined as ( ) = lim →∞ ( ( )/ ). Under the proposed optimized management strategy aimed at the life cycle of the energy storage batteries, the reliability ( , ) will be expressed as the ratio of the operation time and the whole life cycle; that is,
Furtherly, from function (6), (8), (10)- (11), and (15),
Based on the above analysis, the objective function of the proposed optimized management strategy is to find the minimum value of ( * , * ) against * and * under the constraint of the reliability threshold, which would be expressed as
where 0 is the threshold of the availability. 
Simulation Analysis
To verify the proposed optimized management strategy of the energy storage batteries, numerical examples are analyzed as follows. Originally from the lead-acid storage battery, the main parameters are listed in Table 1 . Under the constraint of function (14) , the time interval that determines the detection and preventive maintenance processes have a certain relation to the maximum number of corrective maintenances , which satisfies the area under the curve, as is shown in Figure 4 .
Considering the long-run average cost of the energy storage batteries ( , ) under the proposed optimized management strategy ( , ), the simulation is firstly carried out to gain the minimum ( * , * ), and the result is illustrated in Figure 5 . It indicates that the long-run average costs increase as the number of corrective maintenances goes up and decrease as the time interval of detection and preventive maintenance goes down. So the dense and multiple times of detection, preventive maintenance, and corrective maintenance would certainly raise the cost of the energy storage batteries. The main explicit values of the long-run average cost ( , ) are lists in Table 2 .
The values that are formatted in the bold text are the constraint of , the ones with the italic font are the invalid values. Comparing to the values which are accordant with the certain condition, the minimum long-run average cost of the energy storage batteries is (17, 3) = −21.50; that is, the lowest long-run average cost is gained when the time interval of detection and preventive maintenance is set to 17 and the maximum number of corrective maintenances is 3.
The next simulation is taken to verify another constraint ( , ) of the proposed optimized management strategy. The threshold 0 is set to 0.8. Under the same conditions of the previous simulations, the reliability curve in the different values of and is shown in Figure 6 , and the explicit values of ( , ) corresponding to Table 2 are listed in  Table 3 . Considering the optimized management strategy (17, 3) , the corresponding reliability is 0.84 that meets the 0.8 threshold, which indicates a strong applicability of the proposed optimized management strategy.
Conclusions
Oriented to the centralized schedule and management of the energy storage batteries in the microgrid for dealing with the strong fluctuation and randomness of the renewable energy, this paper firstly analyzes the different main states in the life cycle of the energy storage batteries, which includes the operation state, the preventive maintenance state, and the corrective maintenance state. Considering the energy storage batteries' deteriorating characteristics during the repeating charging and discharging as well as the negative impact of aging, the deteriorating system and the improving system are distinguished in the built GP-based model for describing the operation process, preventive maintenance process, and corrective maintenance process. Moreover, this paper proposes the optimized management strategy to minimize the long-run average cost on the specified condition of the SOH and reliability, which adaptively schedules the time interval of the detection and preventive maintenance as well as the maximum number of corrective maintenances. Finally, the simulation with the specified SOH and reliability thresholds is taken to verify its effectiveness. The results denote that the built GP-based model is suitable to study the management of the energy storage batteries, and the proposed optimized management strategy will reduce the long-run average cost of the energy storage batteries on the promise of the normal operation, which is of much suitability for the energy storage batteries' optimized management. 
